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Introduction
The role of mitochondria in energy production, calcium signaling, and in promoting apoptotic signals is well-established. There is also emerging evidence of the involvement of mitochondria in multiple other cell signaling pathways and in control of metabolic and energy fluxes that to a great extent depend on the interaction of mitochondria with the cytoskeleton. The mitochondrial outer membrane (MOM) is the interface between the mitochondria and the cytosol, a "check point" for the fluxes of metabolites and energy exchange between the mitochondria and other cellular compartments and organelles. Permea bilization of MOM is also a "point of no return" to apoptotic cell death when, triggered by a variety of apoptotic stimuli and orchestrated by Bcl-2 family proteins, apoptogenic factors are released from mitochon dria into the cytosol. MOM carries out a significant portion of its control functions through the voltage-dependent anion channel (VDAC) that constitutes the main pathway for ATP/ADP and other mitochondrial metabolites across MOM [1] [2] [3] [4] . Any imbalance in this exchange leads to an essential disturbance of cell metabolism, especially in the process es that require direct mitochondria participation [5] .
Oxidative phosphorylation (OxPhos) requires efficient transport of metabolites, including cytosolic ADP, ATP, and inorganic phos phate, across both mitochondrial membranes for F 1 F 0 -ATPase to gen erate ATP in the matrix. It was recently asserted that VDAC is at the control point of mitochondria life and death and serves as a global regulator of mitochondrial function [2, 5, 6] . This large channel plays the role of a "switch" that defines the direction in which mitochon dria will go -to normal respiration or to suppression of mitochondri al metabolism that leads to apoptotic cell death. That's why one of the central tasks is to find out which of the cellular compounds, such as kinases and other signaling molecules, regulate VDAC and conse quently govern MOM permeability for ATP/ADP and other mitochon drial respiratory substrates.
The main focus of this review is the mechanism and physiological consequences of VDAC regulation by dimeric tubulin. Tubulin, the sub unit of a microtubule (MT), is a heterodimer of α-and β-tubulin and one of the most abundant cytoskeleton proteins. It exists in this hetero dimeric form under normal conditions. In the cytosol, the dimer is under dynamic equilibrium with MT, which is determined by tempera ture, concentrations of GTP, Ca 2 + , microtubule-associated proteins, and can be modified by a whole family of anticancer drugs, the so-called MT-targeting agents. These agents affect the equilibrium between poly merized and dimeric tubulin [7] , leading to mitotic arrest and apoptosis [8, 9] .
We have discovered recently that dimeric tubulin induces reversible blockage of VDAC reconstituted into planar lipid membrane and dra matically reduces mitochondrial respiration [6, 10] . Regulation of VDAC by tubulin was first discovered in vitro and then related to the action of this protein in vivo. Thus, VDAC's interaction with tubulin provides a novel functional link between mitochondrial respiration and the cyto skeleton. By this type of control, tubulin may selectively regulate meta bolic fluxes between mitochondria and the cytosol, demonstrating a new role as a cytosolic regulator of VDAC and mitochondrial respiration.
VDAC blockage by tubulin
The intimate association of mitochondria with the microtubule network has long been known. Mitochondria are localized within and move along MT. More than 30 years ago, it was found that dimer ic tubulin binds with high affinity to cellular membranes, including mitochondrial ones [11] [12] [13] . However, the exact domain of tubulin responsible for its binding to mitochondria, and hence MOM, has not yet been identified. Recently, Carre and coauthors [14] showed that tubulin is present in mitochondria isolated from different cell lines, normal and cancerous, representing ~ 2% of total cellular tubu lin. In addition, a specific association of VDAC with tubulin was dem onstrated by immunoprecipitation experiments [14] .
Kinetic analysis of tubulin binding to VDAC
We have found that tubulin at nanomolar concentrations induces highly voltage-sensitive blockage of VDAC reconstituted into planar lipid membranes [10] . A typical record of ion current through a single channel reconstituted into a planar bilayer in the presence of tubulin is shown in Fig. 1A . Tubulin induces fast, reversible, well timeresolved characteristic events of partial blockage of VDAC conductance in a 1-100 ms range. The blockage takes place at potentials of 25 mV. By contrast, without tubulin addition at potentials of up to 30 mV, VDAC could stay in its high-conducting open state for quite a long time, some times for up to several hours. Under these experimental conditions, a relatively high voltage of 50 mV should be applied to induce VDAC clo sure (Fig. 1B) . Upon this voltage-induced gating, channel conductance moves from a single high-conducting open state to the variety of lowconducting, so-called "closed" states. Once "closed", VDAC can reside in the state of low conductance for extended periods of time until the voltage is relaxed to 0 mV. Reapplying the voltage restores the current corresponding to the high-conducting open state (Fig. 1B) . By contrast, tubulin induces one well-resolved blocked state of VDAC with a narrow conductance distribution around 0.4 of the open-state conductance value. The conductance of the open state remains the same as without tubulin. Therefore, although the voltage-induced and tubulin-induced VDAC closures are both voltage-dependent and both lead to states of re duced conductance, the nature of these two processes appears to be quite different.
Tubulin induces VDAC closure in a concentration-dependent manner and only when a negative potential is applied from the side of tubulin addition. Application of negative potentials drives the net acidic tubulin towards the channel. In the representative experiment shown in Fig. 1A , tubulin was added to the cis side of the planar lipid chamber (the side of VDAC addition) and induced current closure at negative potentials. When a positive potential was applied, no blockage events were detected and the channel current was quiet and steady, as in the records without tubulin addition (data not shown). This observation, taken to gether with the fact that VDAC voltage gating is nearly symmetrical with respect to the applied voltage polarity [10] , suggests that the chan nel is not altered by tubulin addition, and that fast-flickering current interruptions in Fig. 1A occur due to the reversible tubulin blockage of VDAC pore. For the sake of presentation convenience, ion current was defined as positive when cations moved from the trans to cis side of the mem brane. The records were filtered using an averaging time of 10 ms (except for 1 ms in Inset). From [10] .
The distribution of times between blockage events, when the channel stays open (τ on ), is satisfactorily described by single exponential fitting ( Fig. 2A, left) . In the range of small tubulin concentrations [C], VDACtubulin binding could be adequately represented by a simple binding reaction with the on-rate constant, k on , calculated from the inverse average τ on as k on =1/(τ on [C]). As expected for such a reaction, the onrate of VDAC blockage by tubulin, k on [C], increased linearly with tubulin concentration [10] . However, it turns out that at high tubulin concentra tions, the on-rate demonstrates a typical saturation (data not shown). Interestingly, similar saturating behavior was reported in 1983 by Bernier-Valentin et al., [12] in their experiments with 125 I-labeled tubu lin binding to the chromaffin granule and rat liver plasma membrane fractions, where the saturation was reached at ~ 100 nM tubulin.
Distributions of the times spent by the channel in the blocked state ( Fig. 2A , right) cannot be described by a single exponent, and require at least two exponents for fitting with two distinctly different character istic times, τ (1) off and τ (2 off .
) As expected for a simple dissociation reaction, the life-time of the VDAC-tubulin complex is independent of tubulin concen tration [10] . The reason for two (as opposed to one) characteristic times is not understood at the moment and remains to be elucidated. Impor tantly, with symmetrical tubulin addition, both characteristic blocked times do not depend on the polarity of the applied voltage. They also do not depend on the side of tubulin addition if the polarity of the ap plied voltage is reversed accordingly (Fig. 2B ). This finding, and also the strong dependence of τ off on the applied voltage, suggests that the mechanism of VDAC-tubulin binding is a restricted permeation block.
Role of tubulin C-terminal tails in VDAC-tubulin interaction
The tubulin dimer of 100 kDa molecular weight and approximate dimensions of 8 nm × 4.5 nm × 6.5 nm [15] [16] [17] is far too large to perme ate through the VDAC pore of 2.5-3.0 nm in diameter [18] . Therefore, the plausible candidates for the proposed permeation block are anionic C-terminal tails (CTTs) of tubulin that both sterically and electrostatically can fit comfortably in the net positively charged VDAC pore. Further more, the length of both CTTs [17] is about the length of the VDAC pore of ~ 3 nm [18] , so they could easily reach the tubulin binding site(s) in side the pore from either side of the membrane.
Experimental evidence supporting the requirement of intact CTT on the tubulin body for blocking VDAC is two-fold. First, tubulin with truncated CTT, tubulin-S, does not block VDAC [10] . Second, as much as 10 μM of the synthetic peptides of mammalian brain α-and β-tubulin CTT does not induce VDAC blockage either [10] . These results unambiguously demonstrate that CTTs should be attached to the main tubulin body to induce the characteristic VDAC blockage. Based on these results, a model of VDAC-tubulin interaction was sug gested, wherein a negatively charged tubulin CTT partially blocks the positively charged channel lumen (Fig. 3) .
Depending on the applied voltage and VDAC phosphorylation state (see Section 4.1 below), the equilibrium constant of VDAC-tubulin bind ing, K eq , spans many orders of magnitude, with IC 50 changing from nM to hundreds of μM (Fig. 2C ). Due to the complex distribution of the resi dence times ( Fig. 2A, right panel) , which could not be satisfactorily fitted by a single exponential, the concentration of half-inhibition, IC 50 , was calculated from the probability to find the channel in the tubulin blocked state, P B [19] . At a given tubulin concentration [C] the probability is P B = [C]/(IC 50 +[C]), so that IC 50 =(1− P B )[C]/P B . The corresponding effective "gating charge" of the blockage is impressively high -it is about 11-12 elementary charges (Fig. 2C) , which compares well with the gating charge of the most voltage-sensitive channels of electrophys iology [20] . The actual voltage across MOM and its possible variation with mitochondrial state are still debated (e.g. see discussion in [2] ). The main source of the potential across MOM is believed to be the so called Donnan potential which arises due to the high concentration of non-permeable through VDAC charged macromolecules in the mito chondrial intermembrane space and cytosol [2] . The estimates for the voltage span the range from 10 mV [21] , to 15-20 mV [22] , to as high as 46 mV [23] . In the presence of tubulin, a pronounced VDAC blockage may occur at potentials as low as 5 mV (Fig. 2C) , depending on tubulin concentration, type of VDAC, VDAC phosphorylation level, and off and τ (2) off . (B), Both characteristic times in the blocked state depend symmetrically on the applied voltage when tubulin is added to both sides (squares) or to either side of the membrane when the applied potential is more negative from the side of tubulin addition (cis side addi tion, diamonds; trans side addition, circles). (C), Voltage dependence of tubulin inhib itory concentration, IC 50 (from [54] ). IC 50 strongly depends on the applied voltage and VDAC phosphorylation state. VDAC was isolated from mouse liver mitochondria with Triton x-100 and then phosphorylated by PKA or GSK3β, or dephosphorylated by PP2A. The IC 50 values are averages over datasets obtained in 5-8 experiments with dif ferent VDAC samples. The dashed lines are fits to IC 50 (V) = IC 50 (0) exp(nVF/RT), where V is the applied voltage, with the "effective gating charge" n = 11.2 and 12.2 for untreated and GSK3β phosphorylated VDAC, respectively. Other experimental condi tions were as in Fig. 1 . Fig. 3 . A tentative model of the restricted permeation block of VDAC by tubulin. One of tubulin's negatively charged C-terminal tails partially blocks the channel conductance by entering the VDAC pore in its open state and binding to the positively charged chan nel walls. The tubulin-blocked state is impermeable to ATP. The VDAC β-barrel protein (the three-dimensional model of mouse VDAC1 is adopted from [18] ) is shown embed ded in the lipid bilayer with the colored purple loops facing the "cis", or the cytosolic side of the channel. These loops are enriched with eight threonine and five serine res idues, which are easily accessible for cytosolic kinases for phosphorylation, and are the plausible regions of tubulin main body binding. The model of tubulin dimer is adopted from [17] . membrane lipid composition. This immediately explains a longstanding dilemma of how VDAC gating observed at relatively high po tentials on reconstituted channels, even if facilitated by the osmotic stress of the cell crowded cytosol [24] , relates to the situation in MOM, where the estimated transmembrane potential is significantly lower.
The specificity of the VDAC-tubulin binding was supported by ex periments with actin. It was found that at a similar concentration range actin, also an acidic cytoskeleton protein structurally different from tubulin and lacking CTTs, does not induce blockage events charac teristic for tubulin [10] . Similarly to tubulin-S, actin induces current noise with fast events of τ off b 1 ms and a broad distribution of conduc tances of the closed states. The increased current noise obtained in the presence of tubulin-S indicates that the tubulin globular body interacts with VDAC even without CTT. However, these interactions are of a dif ferent nature than those with intact tubulin. The ability of the "tailless" tubulin to generate fast current noise of the channel open state could be a manifestation of interaction between the globule of tubulin and the channel entrance, in which some of the VDAC loops exposed on the membrane s urface are likely to b e involved.
Actin favors closed states of smaller conductance when added to the multichannel membrane, but does not significantly affect VDAC voltagegating parameters. This agrees well with an earlier report of actin interaction with VDAC from Neurospora crassa [25] . Taken together, the above data suggest that the mechanism of VDAC-tubulin interaction is rather complex, and CTT permeation into the VDAC pore is one of the steps which is characteristic for tubulin only. However, the observed ef fects of actin and tubulin-S on VDAC voltage gating and current noise of the open state suggest that VDAC could be responsible for binding of other cytoskeleton proteins [26] [27] [28] . There are a number of cytoskeleton proteins that are known to directly interact with MOM. One of them is desmin, a cytoskeleton protein that was shown to regulate mitochon dria affinity to ADP and oxygen consumption supposedly through direct binding to VDAC [28] .
VDAC in tubulin-blocked state is impermeable to ATP
It is believed that the major role of VDAC is in regulation of ATP/ ADP exchange between mitochondria and the cytosol, not of small ion flux, so what is really important is the effect of tubulin blockage on adenine nucleotide transport. This question was addressed in a re cent study from our laboratory [29] .
Effective size and selectivity of VDAC in tubulin-blocked state
The tubulin-blocked state is still highly ion-conductive and, at the specified experimental conditions, its conductance is 40% that of the open state. This implies that VDAC inhibition by tubulin is defined by the dimensions and selectivity of this residual conductive state. There is a long list of different compounds affecting VDAC voltage-gating (see [2, 3, 30] ) where large, non-permeating polyanions, such as König's polyanion and dextran sulfate are the most potent inhibitors of VDAC [31, 32] . In particular, König's polyanion was shown to inhibit adenine nucleotide transport in isolated mitochondria [31] and cells [33] . However, the reg ulatory action of tubulin was recognized only very recently [6, 34] .
The characteristic size of tubulin blocked state of VDAC was estimat ed using a method of neutral polymer partitioning into the channel [35] [36] [37] . The essence of this approach is to analyze penetration of differ ently sized poly(ethylene glycol)s, PEGs, into the channel water-filled pore by measuring its conductance in the presence of these polymers. The channel conductance responds differently to PEGs of different mo lecular weight, with polymers that are small enough to partition into the pore reducing its conductance in a weight-dependent manner. Based on the molecular weight of polymer that separates partitioning from exclusion into the tubulin-blocked state, w 0 = 417 Da, (Fig. 4 , red curve), we concluded that the effective cross-sectional area of VDAC is reduced by a factor of two as a result of the blockage by tubulin [29] .
The size of the largest polymer that partitions into the open state, PEG 1000, appears to be smaller than that of PEG 3400 obtained by li posome swelling method [38] . This difference most likely is attribut ed to the inherent differences between PEG partitioning into the channel and liposome re-swelling methods. PEG molecules should enter the channel frequently and remain there for a sufficiently long time to affect conductance, while a lower rate of PEG entering the channel would only cause a decrease of the rate of liposome reswelling. Thus, larger flexible polymers could show re-swelling in the liposome assay. A critical debate of which method is more accu rate in estimating the channel's restriction zone certainly is out of scope of this review. Regardless of the absolute values of the molecu lar weight of the excluded polymers, the important result is a welldefined shift of the polymer partitioning curve towards smaller PEGs upon transition of the channel to the blocked state (Fig. 4) .
According to the proposed model of VDAC blockage by tubulin (Fig. 3) , one could expect that the negatively charged tubulin CTTs penetrate into the channel lumen and make the net channel charge more negative, thus shifting channel ion selectivity towards more cationic. A similar effect on VDAC selectivity was previously described in the case of negatively charged synthetic phosphorothioate oligonu cleotides permeating into the pore and blocking the channel [39] .
Because at physiological salt concentrations ATP is a multi-charged anion, it is important to characterize the ionic selectivity of VDAC blocked by tubulin state at the salt concentrations close to those of physiologically relevant solutions. Indeed, in 150 mM vs. 50 mM gra dient of KCl, the tubulin-blocked state of VDAC is favoring cations with the anion-to-cation permeability ratio of 1:3. This should be compared with the anion selectivity of the VDAC open state charac terized by the anion-to-cation ratio of 4:1 [29] .
A possible confusion might arise from the apparent similarity be tween the cation selectivity of the tubulin-blocked VDAC state and that observed at channel transition to the voltage-induced closed states [32, 40] . However, similarly to conductance, the selectivity of the tubulin-blocked state is well-defined and does not show the variability inherent in voltage-induced closed states. Importantly, conductance dis tribution of the voltage-induced closed states of VDAC is not only very broad [32, 38, 40] , but it also depends on the magnitude and duration of applied voltage stimuli (e.g., slow triangular voltage wave versus steady state voltage). This is drastically different from the characteristics of the tubulin-induced blocked state described here. A possibility that one of the tubulin tails interacts with the VDAC voltage sensor and consequent ly enhances voltage-induced gating by "locking" the channel in one of the closed conformations cannot be entirely ruled out. However, a com parison of the properties of the tubulin-blocked state and voltageinduced closed states favors the CTT permeation block model over the tubulin enhanced voltage gating.
ATP is excluded from the channel in its tubulin-blocked state
The bulk of recent research on "wide" channels (e.g., see [41] [42] [43] ) demonstrates that their ionic selectivity is mostly of electrostatic ori gin. Therefore, the change in channel selectivity should be much more pronounced for the multi-charged ATP than for singly-charged chlo ride anion. Taken together with the additional steric hindrance in the blocked state, the tubulin-blocked state should be virtually imper meable to ATP. Indeed, our direct measurements of ATP partitioning into the tubulin-blocked state of VDAC, performed using an approach [44, 45] , similar to the one described above for PEGs, confirmed that ATP is excluded from the tubulin-blocked state [29] .
Serine/threonine kinases regulate VDAC blockage by tubulin
Phosphorylation is commonly known as a general on/off regulation mechanism for numerous cellular processes. Therefore, it was reasonable to expect that phosphorylation of VDAC by cytosolic kinases might be im portant in cell signaling. Indeed, it was recently shown that VDAC could be phosphorylated by glycogen synthase kinase-3β (GSK3β), and that this phosphorylation is modulated by Akt-dependent inactivation of GSK3β [46, 47] . Akt (also called protein kinase B, or an oncogene protein kinase) is known to localize to mitochondria along with GSK3β, one of its targets [48] . The majority of GSK3β is found in the cytosol, but some of it is accumulated on mitochondria. When hearts were treated with a GSK3β inhibitor in in vivo experiments [47] , phosphorylation of VDAC was reduced. It was shown in vitro studies that protein kinase Cε (PKCε) can directly bind and phosphorylate VDAC1 [49] . Cyclic AMPdependent protein kinase A (PKA) is another serine/threonine kinase with established key roles in cell growth and differentiation. It is also one of the known targets in cancer therapy. Phosphorylation of cytoplasmic substrates mediated by PKA is crucial for multiple cell func tions, including metabolism, differentiation, synaptic transmission, ion channel activity, growth and development [50] . PKA was shown lately to co-localize at mitochondria through interaction with the socalled A-kinase anchor proteins and to regulate mitochondrial respira tion and dynamics [51] . The local activation of PKA leads to efficient phosphorylation of several mitochondrial substrates [52] , suggesting VDAC as a potential PKA target [53] .
VDAC phosphorylation in vitro enhances tubulin blockage
We found that VDAC blockage by tubulin is extremely sensitive to the state of VDAC phosphorylation [54] . Phosphorylation of VDAC in vitro by common serine/threonine kinases PKA or GSK3β had resulted in a dramatic increase of the on-rate of VDAC-tubulin binding. Another remarkable effect of VDAC phosphorylation is the induction of a distinct asymmetry of tubulin blockage of VDAC. Untreated VDAC is blocked al most symmetrically at both voltage polarities when tubulin is added symmetrically to both sides of the membrane. VDAC phosphorylation with PKA or GSK3β changes this behavior drastically -the sensitivity of VDAC to tubulin increases by more than two orders of magnitude, but only for tubulin at the cis side of the channel, that is, the side of VDAC addition in reconstitution experiments [54] . The interaction from the trans side was virtually unchanged by VDAC phosphorylation. Not only the times of tubulin residence in the channel, but also two other basic properties of VDAC, single-channel conductance and selec tivity, remained practically unaltered by VDAC phosphorylation, sug gesting that the phosphorylation-induced modifications of VDAC take place outside its water-filled pore, on the cytosolic loops. The pro nounced asymmetry of tubulin binding to phosphorylated VDAC sug gests that the phosphorylation sites are positioned asymmetrically, on one side of the channel only.
The tentative regions of VDAC phosphorylation
In recent years VDAC was identified as a target of different kinases, such as GSK3β [46] , PKA [53] , PKCε [49] , Nek1 [55] , and p38 Map ki nase [56] . A few VDAC phosphorylation sites have been identified using a proteomic approach [57, 58] . Here we are making an attempt to relate the suggested phosphorylation sites to our functional data on phosphorylated VDAC by mapping them on the available VDAC folding pattern of mouse VDAC1 determined by x-ray crystallography [18] and presented in Fig. 5 . Fig. 5 . Folding pattern of the recombinant mouse VDAC-1 determined by x-ray crystallography (adapted from [18] ). The boxed residues are identified VDAC phosphorylation sites: Thr-51, a GSK3β phosphorylation site [46] ; Ser-12 and Ser-136, corresponding to the CaM-II/GSK3β and PKC consensus sites, respectively [57] ; Ser-193, a Nek1 phosphorylation site [55] ; and Ser-103, a target of endostatin-induced hexokinase 2 [61] . Three PKA and GSK3β common phosphorylation motifs are located on loops L5 and L7, facing the cytosolic side, and are circled.
Pastorino and coauthors [46] suggested that GSK3β phosphorylates VDAC at amino acids 51 to 55 because the mutation of Thr-51 to alanine abolished the ability of GSK3β to phosphorylate VDAC. According to the folding pattern, Thr-51 is located on the cytosolic Loop 1 (L1) (blue square in Fig. 5) , and could be a plausible candidate for GSK3β phos phorylation site if a requirement of accessibility of phosphorylation sites for the cytosolic kinases is taken into account. However, according to the functional VDAC1 structure suggested by Colombini and coau thors [2, 59, 60] , this phosphorylation region is located on the mitochon drial interface of VDAC. Quite the opposite appears to be the case for another proposed VDAC1 phosphorylation site, Ser-193 [55] . It was shown that NIMA-related protein kinase (Nek1) could phosphorylate VDAC1 and that resulted in diminished cell death. This site is located on the 13th β-strand inside the channel lumen according to VDAC1 3D structure (Fig. 5) , and on the cytosolic loop L4 according to the function al structure. It seems more likely that a cytosolic kinase would target a site located on an easily accessible cytosolic loop than a site buried inside the channel lumen. Ser-12 and Ser-136 were identified by phosphopro teomic analysis of VDAC1 post-translational modifications [57] and cor respond to CaMII/GSK3β and PKC consensus sites, respectively. In both VDAC1 structures, these sites a re located i nside the pore on the α helical N-terminus (Ser-12) and on the β-strand (Ser-136). Another identified VDAC serine phosphorylation residue, Ser-103, [61] is located on VDAC cytosolic side interface in both VDAC1 folding patterns and could be a target for h exokinase 2 [61] . Solving of t he true structure of the functional VDAC is still under extensive ongoing debates (see [60, 62] and Colombini's article in this issue) and is not a subject of the present review. Therefore, identification of VDAC phosphorylation sites is important not only for understanding VDAC's role in mitochondrial metabolism and in promoting apoptotic signals, but also for deciphering the functional conformation of VDAC in vivo.
A further extensive mass spectrometry analysis is required for un ambiguous identification of GSK3β and PKA phosphorylation sites of VDAC1. A simplistic approach is to map common serine/threonine phosphorylation motifs of PKA and GSK3β, which are RXX(S/T) and (S/T)XXX(S/T), respectively, on the VDAC1 structure. Fig. 5 shows three tentative phosphorylation sites, one GSK3β, one PKA, and one shared, on loops L5 and L7 at one side of the channel (circles in Fig. 5 ) on the folding pattern of mouse VDAC1 determined by x-ray crystallog raphy [18] . Four GSK3β and one PKA common phosphorylation motifs are located on the beta-strands hidden inside the channel lumen. If some of these sites became phosphorylated, it would introduce extra negative charges inside the channel lumen and affect channel selectiv ity, making it less anionic. Because the selectivity was found to be unal tered after VDAC phosphorylation with PKA of GSK3β, we conclude that these five sites most likely were not phosphorylated in vitro. The loops that connect β-strands of the β-barrel are exposed on the membrane interface and form channel entrances [18] . Loops L1, L5, and L7 with proposed Thr/Ser tentative phosphorylation cites (Fig. 5) seem to be very attractive candidates for phosphorylation regions because they are positioned asymmetrically at only one entrance of the channel. Such a positioning naturally explains the strictly asymmetrical effect of VDAC phosphorylation on tubulin binding, wherein phosphorylation controls the cis side on-rate [54] . Therefore, we conclude that in our re constitution experiments these loops face the cis side of the bilayer, the side of VDAC addition, because this side of the channel is sensitized to tubulin interaction by phosphorylation (Fig. 3) . This also allows us to suggest that this side corresponds to the cytosolic side of the channel, taking into account that phosphorylatable sites should be accessible for cytosolic kinases. Furthermore, eight (L1-L8) out of the total of nine loops in 3D VDAC structure that face the cis side are enriched with eight threonine and five serine residues that all could be potential serine/threonine kinase targets. Interestingly, the loops at the opposite, "trans", or intermembrane side of the channel, have much fewer Ser/Thr residues (one serine and four threonines) (Fig. 5) .
It is important to note here that the possibility to study phosphorylation-induced asymmetry in reconstitution experiments stems from the fact that VDAC insertion is unidirectional. According to our observations, in ~ 90% of experiments, VDAC inserts into the planar membranes formed from synthetic lipids unidirectionally [63] . In pure dioleoyl phosphatidylethanolamine (DOPE) [63] or diphytanoyl phos phatidylcholine (DPhPC) (T.K.R., personal communication), for instance, VDAC voltage-gating is measurably asymmetrical with respect to the sign of applied voltage. This asymmetry persists from experiment to ex periment and indicates that most of the channels insert into the bilayer in the same direction. The asymmetry of VDAC gating depends on the membrane lipid composition, and is particularly pronounced in the presence of nonlamellar lipids, such as DOPE and cardiolipin [6, 63] , both of which are characteristic lipids of MOM. In lamellar lipids, such as dioleoyl phosphatidylcholine (DOPC), VDAC voltage gating is almost symmetrical, but unidirectional VDAC insertion can be confirmed in spe cially designed experiments [63] .
Interestingly, in spite of the differences in the suggested folding patterns of VDAC1 (for critical discussion, see [60] ), the candidate Ser/Thr phosphorylation sites are similarly positioned on the exter nal, presumably cytosolic loops in both models, and are in good agreement with our explanation of the asymmetry of the phosphory lation effect on VDAC blockage by tubulin.
Distler and colleagues [57] found different phosphorylation sites for each of the three VDAC isoforms. These authors proposed that the mul tiple phosphorylation sites could be related to the different physiological functions of the isoforms in vivo. It is tempting to suggest that VDAC in teraction with tubulin could be a useful tool to approach an existing co nundrum about the physiological roles and specificity of VDAC isoforms. Future work will elucidate connections between the differences in phos phorylation of VDAC isoforms and in their interaction with tubulin.
A two-step model of VDAC-tubulin interaction
Based on our finding that phosphorylation does not alter VDAC se lectivity and the off-rate of tubulin binding, and only affects tubulin binding on one side of the channel, we can suggest a two-step binding model where tubulin initially binds to the outside loop(s) with phos phorylation sites. The second step of the blockage reaction is perme ation of the negatively charged tubulin CTT into the net positively charged VDAC pore. Once CTT is inside the pore, it dissociates with an off-rate that is highly voltage dependent but is not sensitive to the state of phosphorylation. This means that the phosphorylation sites outside the channel lumen do not interfere with the CTT binding site(s) inside the pore. Effectively, the consequence of tubulin inter action with the external loops is to increase its concentration at the VDAC pore entrance. There is a close analogy with the effect of adding charge(s) at the entrance of the gramicidin pore [64, 65] , which re sults in the change of local counter-ion concentration.
Physiological implications of VDAC blockage by tubulin
The findings described above establish a functional relationship be tween VDAC of the outer membrane of mitochondria and dimeric tubu lin. What are the immediate physiological consequences of the newly uncovered roles for these "old" cytoskeletal and mitochondrial proteins?
Tubulin decreases respiration rate of isolated mitochondria
It is reasonable to expect that the ATP-impermeable state of VDAC should result in a decrease of MOM permeability to ATP and ADP and for a number of other mitochondrial respiratory substrates, most of which are negatively charged. For the uncharged molecules the cut-off molecular weight of partitioning through the tubulin-blocked state is ~ 400 Da (Fig. 4) , while for the negatively charged substrates an addi tional important restriction is introduced by an electrostatic barrier. For instance, non-charged creatine of 131 Da should permeate through the blocked state, but the flux of the negatively charged phosphocrea tine of 255 Da is anticipated to be limited. However, Valdur Saks' group has shown on the permeabilized intact cardiomyocytes that the apparent binding constant for phosphocreatine to mitochondrial crea tine kinase that is resided in the intermembrane space does not change by tubulin associated to mitochondria [66, 67] . These data could be interpreted that tubulin restricts VDAC permeability for ATP and ADP but does not do so for phosphocreatine. This apparent discrepancy be tween in vitro and in vivo results could, for instance, be due to the dif ferent sensitivity to tubulin between three VDAC isoforms which distribution is known to be highly tissue-dependent (e.g., see reviews by Messina et al. and Raghava et al. in this issue). VDAC1 is believed to be the most abundant isoform and, therefore, data obtained with VDAC isolated from mitochondria are traditionally referred to VDAC1. Strictly speaking, the effect of tubulin on VDAC permeability for ATP, ADP, phosphocreatine, creatine, and other metabolites in vitro should be compared for all three VDAC isoforms.
It is important to keep in mind that in the presence of tubulin, chan nel conductance fluctuates between the open and closed to ATP/ADP states. Therefore, tubulin dynamically restricts adenine nucleotide flux through VDAC, but does not eliminate it totally. These results suggest a new general mechanism of regulation of MOM permeability under nor mal and pathological conditions, where tubulin via its interaction with VDAC may selectively regulate metabolic fluxes between mitochondria and the cytosol. A key question is how this proposed mechanism of MOM permeability regulation is relevant to the situations in vivo.
Experiments with isolated mitochondria showed that dimeric tubu lin reduces mitochondrial respiration. The apparent K m for exogeneous ADP increased ten times after the addition of 1-10 μM tubulin to mito chondria isolated from mouse heart or brain [10, 68] . The value of appar ent K m for exogenous ADP represents the availability of ADP to ANT to activate oxidative phosphorylation. The addition of 1 μM of tubulin resulted in the appearance of a second component of mitochondrial res piration kinetics with K m more than 20 times higher than that for the first component and for the control without tubulin. The high K m compo nent accounted for about 30% of the total ADP flux in mitochondria. This suggests that there is tubulin binding to mitochondria and this binding prevents ADP entry into mitochondria. Furthermore, the absence of var iation of the maximal rate of respiration, V max , between the control and the second component of the respiration kinetics in the presence of tu bulin highlights the integrity of the respiratory chain. The precise nature of the two components in the respiration kinetics is not clear at this time and needs further careful studies.
Predicted effects of microtubule-targeting drugs in cell
Under physiological conditions, tubulin concentration does not change dramatically, but that may not be the case under stress or ap optotic stimuli. It was shown recently that Bcl-2 proteins could inter act with tubulin and affect tubulin polymerization [69] . What seems quite relevant to VDAC-tubulin binding is that the interaction of Bcl 2 and tubulin requires the presence of the anionic CTT of α-and β tubulin, as Bcl-2 proteins do not interact with tubulin-S. Such a direct association could be one of the regulatory mechanisms for apoptosis, leading to a shift of balance between tubulin dimers and polymerized tubulin and thus affecting VDAC-tubulin interaction. A similar ratio nale could be behind the effect of MT-targeting drugs, such as colchi cine and paclitaxel (see diagram in Fig. 6A ). These anticancer drugs target MT by either stabilizing MT (e.g., paclitaxel) or, conversely, by preventing their polymerization (e.g., colchicine).
Remarkably, Maldonado and co-authors have recently shown in ex periments on HepG2 human hepatoma cells that MT polymerization/ depolymerization by paclitaxel or colchicine is coupled to modulation of mitochondrial potential and hence to oxidative phosphorylation [34] . Treatment of HepG2 cells with colchicine resulted in an increase of free dimeric tubulin and was accompanied by a loss of inner mem brane potential, whereas paclitaxel reduced cytosolic free tubulin and caused an increase in membrane potential. These effects of MTtargeting drugs on mitochondrial membrane potential could be satis factorily explained by the modulation of VDAC permeability for ATP/ ADP by dimeric tubulin (Fig. 6A) .
Though there are multiple very well-known primary targets for the MT-stabilizing and destabilizing drugs, the effects of these drugs on mi tochondria have been reported recently [9, [70] [71] [72] . In particular, MTtargeting drugs also could induce apoptosis by promoting cytochrome c release from mitochondria in intact human neuroblastoma cells and isolated mitochondria [70] . Karbowski and coauthors have shown that depolymerization of MT by nocodazole or colchicine inhibits mitochon drial biogenesis [71] . It was shown that microtubule-targeting drugs could directly transiently hyperpolarize mitochondria and induce the mitochondrial network fragmentation as an early process associated with their pro-apoptotic activities [72] . For instance, treatment with taxol leads to disruption of the mitochondrial fission/fusion balance [73] . Our newly discovered regulation of VDAC by tubulin obviously adds an unexpected but important tack to the whole story -namely, that colchicine, paclitaxel, and other microtubule-targeting antitumor drugs could deliver a signal for MOM permeability regulation and apo ptosis induction through the interaction of VDAC with cytosolic tubulin. Certainly, extensive research is needed for verification of the proposed scheme in vivo.
VDAC blockage by tubulin as interpretation of PKA-dependent mitochondrial potential modulation in intact cells
How could VDAC phosphorylation, with its enhanced sensitivity to tubulin blockage affect mitochondria? Stimulation or inhibition of ki nase activity might modulate VDAC blockage by tubulin and conse quently affect MOM permeability for ATP/ADP and other respiratory substrates, thus leading to the changes in mitochondrial potential (see schematic in Fig. 6B ). In fact, Maldonado and coauthors [34] had shown recently that PKA activation by cAMP in HepG2 cells results in a decrease of mitochondrial potential. Correspondingly, treatment of cells with a specific PKA inhibitor, H89, leads to hyperpolarization of mi tochondria. These experiments with intact cells can be interpreted according to the findings with reconstituted VDAC, suggesting that tu bulin binding to VDAC depends on the state of VDAC phosphorylation and regulates MOM permeability to respiratory substrates.
One open question is whether the regulation of mitochondrial poten tial and respiration through VDAC-tubulin interaction represents a gen eral mechanism or is a hallmark of cancer cells only. Our results allow us to hypothesize that while VDAC in cancer and normal cells is the same, the state of its phosphorylation could be different [34] . That would lead to a different strength of interaction with tubulin and cause the conse quent modification of mitochondrial potential and mitochondrial respi ration. Interestingly, in primary hepatocytes, in contrast to cancer cells, paclitaxel and H89 did not cause mitochondrial hyperpolarization [34] , whereas MT depolymerization with nocadazole caused a drop of poten tial similar to cancer cells. Recent data show a drastically different orga nization of mitochondria in cardiomyocytes and HL-1 cells of cardiac phenotype. In normal adult cardiomyocytes, mitochondria are arranged in a distinctly regular pattern between the MT lattice, while in HL-1 cells they are disorganized into a filamentous mitochondrial network [74] . This difference in mitochondria-cytoskeleton intracellular organization is accompanied by the high rate of respiration measured in permeabi lized HL-1 cells in comparison with permeabilized cardiomyocites [74] . In addition, the intracellular distribution of four β-tubulin isoforms is dif ferent in normal and cancer cells [75] with the total absence of the tubu lin β-II isoform in some of the cancer cells [76] . Whether such significant differences between mitochondria-cytoskeleton organization, mito chondrial respiration, and response to MT-targeting drugs found in nor mal and cancer cells are related to VDAC permeability modulation by free tubulin and VDAC phosphorylation state will be answered by future studies.
General conclusions
The immediate implications of VDAC blockage by tubulin and its po tential involvement in multiple cell signaling pathways are presented in the diagram of Fig. 7 . Our speculations are based on the notion that VDAC, in its open state, maintains efficient ATP/ADP exchange across MOM, thus promoting oxidative phosphorylation and normal mitochon drial functioning. On the contrary, when VDAC is blocked by tubulin, fluxes of ATP/ADP and other respiratory substrates across MOM are restricted, leading to the reduction of oxidative phosphorylation, promo tion of apoptotic signals, and eventually to cell death. Therefore, signals that enhance VDAC-tubulin binding by phosphorylating VDAC or by in creasing the concentration of available free tubulin in the cytosol would reduce mitochondrial respiration. Conversely, inhibition of kinase activ ity or polymerization of MT would decrease VDAC blockage by tubulin, promoting the VDAC open state and increased respiration.
If the above conjecture is true, our findings provide a range of new insights on serine/threonine kinase signaling pathways, Ca 2 + homeo stasis, and the role of cytoskeleton/microtubule remodeling in health and disease, especially in the case of the highly dynamic microtubule network which is characteristic of cell proliferation and cancerogenesis. Our data support the hypothesis that a "glycolytic switch" charac teristic for the majority of malignancies and known as the Warburg effect is coupled to the enhanced cytoskeletal remodeling involved in cancer cell motility typical for metastasis [77, 78] . Cancer cells ex hibit a profound change in energy metabolism and reactive oxygen species production by mitochondria. The kinase-regulated VDAC con trol over mitochondrial respiration discussed in this review could be crucially important for understanding the mitochondrial homeostasis and balance of reactive oxygen species in tumor cells.
Finally, our findings also link the effects of anticancer antiproli ferative drugs to mitochondrial bioenergetics. Understanding the role of VDAC blockage by tubulin in the complex networks of MTtargeting drug action is an exciting subject for future research.
